[1] Spherical aggregates named clay-clast aggregates (CCAs) have been reported 8 from recent investigations on retrieved clay-bearing fault gouges from shallow depth 9 seismogenic faults and rotary shear experiments conducted on clay-bearing gouge 10 at seismic slip rates. The formation of CCAs appears to be related to the shearing of a 11 smectite-rich granular material that expands and becomes fluidized. We have conducted 12 additional high-velocity rotary shear experiments and low-velocity double-shear experiments. 13 We demonstrate that a critical temperature depending on dynamic pressure-temperature 14 conditions is needed for the formation of CCAs. This temperature corresponds to the phase 15 transition of pore water from liquid to vapor or to critical, which induced gouge pore fluid 16 expansion and therefore a thermal pressurization of the fault. A detailed examination by 17 energy dispersive X-ray spectrometry (EDX-SEM) element mapping, SEM, and transmission 18 electron microscopy (TEM) shows strong similar characteristics of experimental and natural 19 CCAs with a concentric well-organized fabric of the cortex and reveals that their 20 development may result from the combination of electrostatic and capillary forces in a 21 critical reactive medium during the dynamic slip weakening. Accordingly, the occurrence of 22 CCAs in natural clay-rich fault gouges constitutes new unequivocal textural evidence for 23 shallow depth thermal pressurization and consequently for past seismic faulting. However, only few of them have succeeded in experimen-62 tally producing CCAs [Boutareaud et al., 2008c].
24 Citation: Boutareaud, S., A.-M. Boullier, M. Andréani, D.-G. Calugaru, P. Beck, S.-R. Song, and T. Shimamoto (2010) , Clay clast 25 aggregates in gouges: New textural evidence for seismic faulting, J. Geophys. Res., 115, XXXXXX, doi:10.1029/2008JB006254. 27 
Introduction

28
[2] Fault gouge spherical clast-clay aggregates (CCAs), 29 i.e., disjunctive monominerallic or polymineralic clasts sur-30 rounded by a cortex of concentric fine-grained aggregated 31 material, have been found in association with carbonate-rich 32 or smectite-rich fault rocks [Beutner and Gerbi, 2005; Warr 33 and Cox, 2001; Boullier et al., 2009] . Smectite (montmo-34 rillonite), as an alteration product of cataclastic fault-rock 35 primary minerals, is of particular interest because it is a 36 common mineral found in gouges within the principal slip 37 zones (PSZ) [Sibson, 2003] of crustal faults [Wang et al., 38 1980; Vrolijk and van der Pluijm, 1999] . In addition, its 39 occurrence as mixed-layer phases has been recently found 40 in association with active fault branches of the San Andreas 41 fault [Solum et al., 2006] , the Nojima fault [Ohtani et al., 42 2000; Mizoguchi et al., 2008] , and the Chelungpu fault 43 [Kuo et al., 2005] . For the Chelungpu fault, Boullier et al. are good microstructural markers for fluidization and ther-53 mal pressurization during the 1999 Chi-Chi earthquake.
54
[3] To understand the structure and the mechanical 55 behavior of the PSZ during an earthquake, several authors 56 [Mizoguchi, 2004; Mizoguchi et al., 2007b; Boutareaud, [6] To experimentally reproduce CCAs, two major tests 84 have been conducted: high-velocity rotary shear experi-85 ments and low-velocity double-shear experiments. For these 86 tests, we used distilled water as pore fluid and the same 87 natural gouge. This gouge comes from a natural clay-rich 88 gouge sampled from the Usukidani fault, which is an active 89 fault of southwest Japan [Boutareaud et al., 2008b] . It has (Table 1) [Boutareaud, 2007] , using a high-speed 97 rotary shear apparatus [Shimamoto and Tsutsumi, 1994] . [Calugaru et al., 2003] , temperature evolution has been 126 calculated for the whole sheared gouge layer and validated 127 by comparing computed temperatures with thermocouple 128 measurements [Boutareaud, 2007; Boutareaud et al., 129 2008c] .The numerical method considers that all frictional 130 work is converted into heat and temperature changes are 131 only caused by heat production and heat diffusion. Then, 132 the heat source term is proportional to the measured shear 133 stress and the radial position. The temperature evolution of 134 only two points located on the simulated PSZ (hereafter 135 narrow ultrafine-grained foliated gouge layer) is investigated: 136 one at the center of the cylinder (T c ), which corresponds to the 137 minimum radial velocity, and the other at the periphery of 138 the cylinder (T p ), which corresponds to the maximum radial 139 velocity. Temperatures have been reported here for the 140 0.09 m s À1 experiments at 0.6 MPa, for which postrun thin 141 sections of initially nonsaturated conditions show CCAs 142 (e.g., layer 2 in Figure 1 ), whereas initially saturated con-143 ditions do not show any CCA (see Figure 4) . In initially 144 nonsaturated conditions, the maximum temperature reached 145 by exponential increase after 60 s by T p is 209°C, whereas it is 146 61°C for T c . In initially saturated conditions, the maximum 147 temperature reached after 60 s by T p is 97°C, whereas it is 148 37°C for T c (Figure 2 postrun thin sections from our experiments (e.g., Figure 3 ). gouge [Boutareaud, 2007] . At least, it is remarkable that the À1 confined at 0.6 MPa. On the basis of images derived from drawings using Illustrator software, we calculated CCA abundance is by measuring the ratio the surface occupied by CCAs to the total fault zone surface on thin section, under the optical microscope or SEM using ImageJ analysis software . Dashed and solid lines correspond to initially saturated and initially nonsaturated conditions, respectively. The question marks indicate the potential starting apparition of CCAs related to the critical temperature for pore water phase transition (see text for discussion). 290 However, gouge layers on postexperiment thin sections are 291 neither perfectly planar nor homogeneous, but rather swell-292 ing and locally compacted. Therefore, to compare one gouge 293 area with the other, we calculated the ratio of Abs OH peak 294 values on Abs H 2 O peak values, considering that there was 295 no release of OH (radical) during rotary shear experiments 296 from clays (i.e., temperature did not overpass 550°C). From 297 this procedure, it results that ( Figure 11 ): (1) a high ratio value 298 corresponds to a small amount of interlayer water within clay 299 minerals (i.e., low hydration state of clays); and (2) con-300 versely, a low ratio value corresponds to a large amount of 301 interlayer water within clay minerals (i.e., high hydration 302 state of clays). This method of investigation shows that the 303 hydration state of the ultrafine-grained foliated gouge is 304 about half the hydration state of the nonfoliated gouge that 305 contains CCAs (Figure 11a ). In addition, it is remarkable that 306 the central part of CCAs with a foliated gouge as central clast 307 exhibits a very low hydration state, whereas the cortex shows 308 a higher hydration state, and the surrounding gouge matrix 309 shows a more higher hydration state (see 4 in Figure 11b ). [Engelder, 1974; Anderson et al., 1983] . In the Graph showing the normalized and inverse cumulative weight particle size frequency of the starting gouge power and the postexperiment gouge PSZ for representative experiments conducted at 0.09, 0.9, and 1.3 m s À1 confined at 0.6 MPa for initially saturated (blue) and initially nonsaturated (red) conditions. Particle abundance (without any distinction between CCAs or clasts) is estimated from SEM and optical photomicrographs using ImageJ analysis software but laser granulometry (Beckmann-Coulter LSD230) and ultrasound box for the starting gouge powder [Boutareaud et al., 2008c] . Blue and red correspond to initially saturated and initially nonsaturated conditions, respectively, and S.G. stands for starting gouge powder. D number indicates the calculated fractal dimension in two dimensions ±1 standard deviation, i.e., the slope of the corresponding best fit curve. Last numbers correspond to the total slip displacement.
[22] According to the observed surface abundance of 345 CCAs in two-dimensions (Figure 4) , initially humid con-346 ditions and slip velocity appear to play a major role in their 347 apparition. Similarly, according to the cumulative grain-size À1 at 0.6 MPa. The peaks intensities are normalized to the main quartz peak of the initial state. Ill, illite; Sm, smectite; Chl, chlorite; K, kaolinite; O, orthoclase; Mi, microcline; Q, quartz; Mu, muscovite; Ca, calcite; P, pyrite. Inset shows a simulated fault surface once the upper rock cylinder has been removed. Slickensides can be observed from the periphery to the center of the simulated fault surface. Orange and pink correspond to the peripheral and the central parts of the fault, respectively, which have been sampled after experiments for X-ray diffraction analyses.
352 within the PSZ of the Chelungpu fault for a lower amount of 353 displacement during the Chi-Chi earthquake is consistent 354 with such experimental results.
355
[23] Comparing the 0.09 m s À1 experiments for saturated 356 and nonsaturated conditions, it appears that for the whole 357 duration of the two runs, calculated temperatures of the two 358 sheared gouges are always higher for the nonsaturated con-359 ditions with respect to the saturated conditions (Figure 2) . 360 According to the water phase diagram [Wagner and Pruss, 361 2002], at 0.6 MPa the water liquid-to-vapor phase transition 362 occurs at 160°C. Our calculation shows that this critical 363 temperature is only reached by the peripheral gouge for 364 nonsaturated experiments (after 27.3 s, i.e., is after 1.3 m of 365 the effective displacement). Concerning low-velocity experi-366 ments, the maximum temperature increase at 30 MPa is 367 0.2°C (see section 2), with no water phase change expected 368 before 370°C [Wagner and Pruss, 2002] . On the basis of 369 post-run thin section observations of low-and high-velocity CCAs.
376
[24] The nearly perfect sphere shape, the large size of 388 clay layers thanks to a dynamic rotation of central clasts, i.e., 389 is a rolling process. According to Mair and Marone [2000] 390 and Mair et al. [2002] , mechanical rotation of clasts in a 391 granular sheared system is effective only once clasts domi-392 nate with a sub-rounded shape. This result suggests that it is 393 only after the initiation of this rolling process that survivor 394 clasts distributed throughout the entire gouge layer can be 395 individually wrapped by the successive concentric layers of 396 clays. Additional space to allow grain rolling can be provided 397 by the observed dilatancy of the simulated fault zone due to 398 the water liquid-to-vapor phase transition, which involves an 399 increase of the initial water volume by a factor of 10, which is 400 an increase of the gouge pore fluid pressure. This is thermal 401 pressurization [Sibson, 1973] . This phenomenon is validated 402 by first the observed high-amplitude peak events in axial 403 displacement [Boutareaud et al., 2008c] , and second the 404 observed released of water vapor monitored by Brantut et 405 al. [2008] during similar nonsaturated friction experiments.
406
[25] The lower surface percentage of CCAs obtained at 407 0.09 m s À1 in nonsaturated conditions, with respect to 408 higher slip velocities, can be explained by the lower heat 409 produced by friction, which leads to a lower excess pore fluid 410 pressure and a moderate slip-weakening effect [Boutareaud, 411 2007] . [29] Electrostatic Coulomb attraction is inversely propor-443 tional to the medium permittivity. Liquid-vapor phase 444 transition of water (which implies a decrease of water density 445 from 0.88 to 0.1) leads to a decrease of water permittivity by 446 one order of magnitude (from 43.98 to 1.02 e according to 447 Chistyakov [2007] ). Hence, the amount of released pore 448 water vapor directly controls the permittivity of the gouge 449 during shearing.
450
[30] The generation of electrostatic charges on solid 451 particle surfaces can result from short-lived particle colli-452 sion (i.e., fracto-emission process and triboelectric effect) 453 [Gilbert et al., 1991] for the nucleus, and from natural highly 454 negative electric charge lattice structure of smectites (due to 455 the so-called electrical double layer at the surface of clay 456 particles, see Tabbagh and Cosenza [2007] ) for the cortex. 457 The observed wide range of CCA sizes (5-375 mm) with a 458 larger amount of smaller CCAs is consistent with such 459 assumption, considering that smaller particles have a higher 460 q/m ratio (q is the Coulomb charge and m is the mass), which 461 enhances the electrostatic forces, first due to their larger 462 surface area to volume ratio and second due to the Paschen experiments at 0.6 MPa [Boutareaud, 2007] , and between surface conductivity [Tabbagh and Cosenza, 2007] associ-502 ated with a higher electrical conductivity perpendicular to 503 the nucleus surface, which is proportional to the cation 504 exchange capacity (CEC), i.e., the capacity of clay layers to 505 exchanges cations with surroundings [Ellis, 1987] . This is 506 consistent with the observed random alternation of concen-507 tric micrometric porous and dense layers around the cortex.
508
[35] The adsorption of water is especially sensitive to the 509 silanol density for the silica surface [Iler, 1979] , which Chi-Chi PSZ [Chen et al., 2007] suggests that the pH should 516 not play a major role in the adsorption of water for central 517 quartz, but rather on the amount of smectite negatively 518 charged [Kraepiel et al., 1998 ] and on their adhesion force 519 to the surroundings [Plassard et al., 2005; Jouanna et al., 520 2008].
521
[36] The fully hydrophylic and electrically negative basal 522 planes of smectites are known to attract and bind hydrated 523 ions. However, the surprising absence of increase in the size 524 of CCA cortex from initially nonsaturated conditions to 525 initially saturated conditions (Figure 5 ), usually provided by 526 a consecutive increase of pull-off forces [Jones et al., 2002] 527 and adsorbed water film layers [Ikari et al., 2007] , suggests 528 that gouge relative humidity should be lower than 25% 529 [Jones et al., 2002] , whatever the initially humid conditions. 530 This assumption may well explain the observed high hydra-531 tion state and the regular 15 mm thick CCA cortex, whatever 532 the initially humid conditions, slip velocity, or applied nor-533 mal stress.
534
[37] Moreover, binding capillary forces between spheres 535 of equal size are known to increase with increasing volume 536 of the liquid bridge [Schubert, 1979] . These forces, which 537 get stronger in the case of two spheres of different sizes (the 538 liquid volume increases relative to the mass of the smaller 539 sphere), are good candidates to explain the maximum 1 mm 540 size of mineral fragments contained within the cortex of the 541 two types of CCAs. Hence, following the chemical potential 542 definition of Tuller et al. [1999] , adsorptive and capillary 543 surface forces (which dominate at the dry and wet end of the 544 degree of saturation, respectively) appear to have a common 545 contribution to the formation of the CCAs, which implies 546 that gouge humidity should be in the range of 5% -25% 547 [Jones et al., 2002; Or and Tuller, 1999] during the forma-548 tion of CCAs. [38] According the IR microscope results, the ultrafine-552 grained foliated gouge is more desiccated than that of the 553 nonfoliated gouge. This observation suggests that the foli- on the apparition of the narrow localized slip surface (i.e., the 575 foliated gouge) remains uncertain [Boutareaud, 2007] . Third, [Sibson, 1989; 652 Bos and Spiers, 2000, 2002; Nakatani and Scholz, 2004] 653 and build-up of intergranular cohesion [Giger et al., 2008] .
654
These processes increase grain contact area, which lead in 
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